Mechanism of the pyrophosphate migration in the enzymatic cyclization of geranyl and linalyl pyrophosphates to (+)- and (-)-bornyl pyrophosphates.
Soluble enzymes from sage (Salvia officinalis) and tansy (Tanacetum vulgare), which catalyze the cyclization of geranyl pyrophosphate and the presumptive intermediate linalyl pyrophosphate to the (+) and (-) enantiomers, respectively, of 2-bornyl pyrophosphate, were employed to evaluate mechanistic alternatives for the pyrophosphate migration in monoterpene cyclization reactions. Separate incubation of [1-3H2,alpha-32P]- and [1-3H2,beta- 32P]geranyl and (+/-)-linalyl pyrophosphates with partially purified preparations of each enantiomer-generating cyclase gave [3H, 32P]bornyl pyrophosphates, which were selectively hydrolyzed to the corresponding bornyl phosphates. Measurement of 3H:32P ratios of these monophosphate esters established that two ends of the pyrophosphate moiety retained their identifies in the cyclization of both precursors to both products and also indicated that there was no appreciable exchange with exogenous inorganic pyrophosphate in the reaction. Subsequent incubations of each cyclase with [8,9-14C,1-18O]geranyl pyrophosphate and with (1E)-(+/-)-[1-3H,3-18O]linalyl pyrophosphate gave the appropriate (+)- or (-)-bornyl pyrophosphates, which were hydrolyzed in situ to the corresponding borneols. Analysis of the derived benzoates by mass spectrometry demonstrated each of the product borneols to possess an 18O enrichment essentially identical with that of the respective acyclic precursor. The absence of P alpha-P beta interchange and the complete lack of positional 18O isotope exchange of the pyrophosphate moiety are compatible with tight ion pairing of intermediates in the coupled isomerization-cyclization of geranyl pyrophosphate and establish a remarkably tight restriction on the motion of the transiently generated pyrophosphate anion with respect to its cationic terpenyl reaction partner.